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IRESThe genome of Red clover necrotic mosaic virus (RCNMV) consists of RNA1 and RNA2, both lacking a cap
structure and a poly(A)tail. RNA1 has a translational enhancer element (3′TE-DR1) in the 3′ untranslated
region (UTR). In this study, we analyzed the roles of 5′ and 3′ UTRs of RNA1 in 3′TE-DR1-mediated cap-
independent translation in cowpea and tobacco BY-2 protoplasts using a dual-luciferase (Luc) reporter assay
system. Most mutations introduced into RNA15′ UTR in reporter Luc mRNA abolished or greatly reduced cap-
independent translation in BY-2 protoplasts, whereas those mutations had no or much milder effects if any
on translational activity in cowpea protoplasts. Our results suggest that a stem–loop structure predicted in
the 5′ proximal region of RNA1 plays important roles in both translation and RNA stability. We also show that
3′TE-DR1-mediated cap-independent translation relies on a ribosome-scanning mechanism in both
protoplasts.
© 2009 Elsevier Inc. All rights reserved.IntroductionPositive-sense single-stranded RNA viruses have developed
diverse strategies to exploit cellular resources at the expense of host
mRNAs and to allow for preferential translation or proper transla-
tional regulation. Thus, the genomes of these viruses have a variety of
structures at their 5′ and 3′ ends that mostly differ from the canonical
5′ cap and 3′ poly(A) of eukaryotic mRNAs. The 5′ cap plays an
essential role in translation of eukaryotic mRNAs: it serves as the
binding site for eukaryotic initiation factor 4F (eIF4F) composed of
eIF4G, eIF4E, and eIF4A (Pestova and Kolupaeva, 2002). eIF4F also
interacts with poly(A)-binding protein through eIF4G (Cheng and
Gallie, 2007; Morino et al., 2000) resulting in mRNA circularization.
This multiprotein-mRNA complex recruits the 43S complex (40S
subunit, eIF3, eIF2/GTP/Met-tRNA ternary complex, eIF1 and eIF1A)
(Pestova and Kolupaeva, 2002) and the 43S ribosome complex
undergoes scanning in a 5′ to 3′ direction until it reaches the optimal
start codon in the mRNA (Kozak, 1989; Pisarev et al., 2006).
The 5′ proximal regions of virus RNA genomes contain cis-acting
elements involved in translation as well as RNA synthesis. For).
ll rights reserved.example, uncapped viral RNAs of picornaviruses, ﬂaviviruses, dicis-
troviruses and plant potyviruses have an internal ribosome entry site
(IRES) in the 5′ UTR of genomic RNAs, which brings the 40S ribosome
subunit within close proximity of the initiation codon (Svitkin et al.,
2001; Pﬁngsten and Kieft, 2008; Gallie, 2001). Tobacco mosaic virus
has a translational enhancer element called an omega sequence in the
5′ UTR of genomic RNA, which serves to recruit eIF4F and enhance
cap-dependent translation (Gallie, 2002). On the other hand, many
RNA viruses have neither a cap structure nor an IRES. These viruses
have a cap-independent translational enhancer element in the 3′ UTR
of their genomes to recruit translational machinery (Dreher and
Miller, 2006; Fabian and White, 2004; Kneller et al., 2006; Miller and
White, 2006; Stupina et al., 2008). These enhancer elements include
the translation enhancer domain (TDE) in Satellite tobacco necrosis
virus, the Barley yellow dwarf virus (BYDV)-like cap-independent
translational element (BTE) in the genus Luteovirus of the Luteoviridae
family and the genera of Dianthovirus and Necrovirus in the Tombus-
viridae family, and the Tomato bushy stunt virus (TBSV) cap-
independent translation element (CITE) in the genus Tombusvirus
and other genera of the Tombusviridae. The BYDV BTE- and TBSV CITE-
mediated cap-independent translation needs long-distance RNA–RNA
interactions between the 5′ and 3′ UTRs of viral RNAs (Miller and
White, 2006). The translation enhancer element (TE) of Turnip crinkle
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busviridae, is also located within the 5′ end of the 3′ UTR of TCV
genomic and subgenomic RNAs (Qu and Morris, 2000). The TCV-TE
has been mapped to a region including a domain that is predicted to
fold into a structure resembling a tRNA: T-shaped structure (McCor-
mack et al., 2008; Stupina et al., 2008). This binds to 80S ribosomes
and 60S ribosomal subunits (Stupina et al., 2008). The TCV-TE also
requires the viral 5′ UTR for efﬁcient cap-independent translation (Qu
and Morris, 2000). However, the cooperative effects may not involve
long-distance RNA–RNA interaction, because potential complemen-
tary sequences have not been identiﬁed (Fabian and White, 2004; Qu
and Morris, 2000).
Red clover necrotic mosaic virus (RCNMV) is a member of the genus
Dianthovirus. The genome of RCNMV consists of two positive-sense
single-stranded RNAs, RNA1 and RNA2. Both genomic RNAs lack a 5′
cap structure (Mizumoto et al., 2003) and a 3′ poly(A)tail (Lommel
et al., 1988). RNA1 encodes the putative RNA replicase components, a
27 kDa protein (p27) and an 88 kDa protein (p88). Of these, p88
with an RNA-dependent RNA polymerase motif is produced by
programmed-1 ribosomal frameshifting (Kim and Lommel, 1994)
and is required in cis for RNA1 replication (Okamoto et al., 2008). A
coat protein is translated from subgenomic RNA (CPsgRNA), which is
transcribed from RNA1 (Zavriev et al., 1996). RNA1 contains an
essential RNA element (3′TE-DR1) in its 3′ UTR, which is required for
cap-independent translation (Iwakawa et al., 2007; Mizumoto et al.,
2003). 3′TE-DR1 is predicted to have ﬁve stem–loop (SL) structures
(3′SL1, 3′SL2, 3′SL3, 3′SL4 and 3′SL5), and 3′SL1 is almost identical to
one of three SL structures predicted in the BTE of BYDV (Guo et al.,
2000). In contrast to RNA1, RNA2, encoding a movement protein
(MP), does not have any RNA elements that function as cap-
independent translation enhancers. Cap-independent translation of
MP is linked to the replication of RNA2 (Mizumoto et al., 2006).
Our previous study showed that the 5′ UTR of RCNMV RNA1 is not
essential for 3′TE-DR1-mediated cap-independent translation in
cowpea protoplasts (Mizumoto et al., 2003). To obtain further insights
into the mechanism of 3′TE-DR1-mediated cap-independent transla-
tion, we investigated the roles of the 5′ and 3′UTRs of RCNMV RNA1 in
cap-independent translation in more detail in cowpea and BY-2
protoplasts using a dual-luciferase (Luc) reporter assay system. We
show that most mutations introduced into the viral 5′ UTR
dramatically inhibited the cap-independent translational activity of
reporter mRNAs in BY-2 protoplasts, whereas those mutations had no
or much milder effects if any in cowpea protoplasts. Our results
suggest that the deleterious effects of most of the mutations on cap-
independent translational activity in BY-2 protoplasts mostly reﬂect
the effect on RNA stability. However, a 5′ proximal SL structure
predicted in RNA1 played an important role in cap-independent
translation in both BY-2 and cowpea protoplasts. Insertion of a
nonviral stable RNA structure in the 5′ UTR abolished 3′TE-DR1-Fig. 1. Cap-independent translational activities of reporter Luc mRNAs with mutations
in 3′TE-DR1. (A) Schematic diagram of a reporter Luc mRNA, and secondary structure
predicted by the computer algorithm Dynalign (Mathews and Turner, 2002) for 3′TE-
DR1 (Mizumoto et al., 2003). Boldface italics in boxes show altered loop sequences in 3′
TE-DR1. Bold lines in the left and in the right, respectively, indicate the 5′UTR of RCNMV
RNA1 or CPsgRNA and the 3′ UTR of RCNMV RNA1. (B) Relative luciferase activities from
uncapped transcripts containing the precise 5′ UTR of RCNMV RNA1 and F-Luc ORF
followed by the 3′ UTR of RCNMV RNA1 (5′R1-Luc-3′R1) and its derivatives in BY-2
(black bars) and cowpea (white bars) protoplasts. Luc mRNAs were co-transfected with
m7GpppG capped transcripts containing R-Luc ORF and poly(A)tail (30 nucleotides),
which was used as an internal control. Transfected protoplasts were incubated at 17 °C
for 6 h. The luciferase activity for each construct is presented as percentages of 5′R1-
Luc-3′R1 activity. Error bars show the standard errors, and the mean values are given.
Assays were performed at least three times. (C) Relative luciferase activities from
uncapped transcripts containing the 5′ UTR of CPsgRNA and F-Luc ORF followed by the
3′ UTR of RCNMV RNA1 (5′Sg-Luc-3′R1) and its derivatives in BY-2 (black bars) and
cowpea (white bars) protoplasts. The luciferase activity for each construct is presented
as percentages of 5′Sg-Luc-3′R1 activity.mediated cap-independent translation in both cowpea and BY-2
protoplasts, suggesting that the translation of RCNMVRNA1 relies on a
ribosome-scanning mechanism. The present study shows that
requirements of RNA structures and nucleotide sequences in viral 5′
UTRs for 3′TE-DR1-mediated cap-independent translation differ
between cowpea and tobacco BY-2 protoplasts, although the basic
translational mechanism seems similar.
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3′SL4 and 3′SL5 of the 3′TE-DR1 are important for cap-independent
translation
We ﬁrst investigated the roles of SL structures predicted in the 3′
TE-DR1 in cap-independent translation, because four SLs other than 3′
SL1 have remained uninvestigated and because the loop sequence
(UUGUG) of 3′SL5 is complementary to the loop sequence (CACAA) of
5′SL2 predicted in the 5′ UTRs of both genomic and subgenomic RNAs
(Fabian andWhite, 2004; Miller andWhite, 2006; H. Mizumoto and T.
Okuno, unpublished data). Mutationswere introduced into the loop of
ﬁve SLs in a reporter LucmRNAwith the 5′ and 3′UTRs of RNA1 (5′R1-
Luc-3′R1) (Fig. 1A) (Mizumoto et al., 2003). We renamed R1-5′XbS
(Mizumoto et al., 2003) as 5′R1-Luc-3′R1 in this study. Reporter Luc
mRNAs with the 5′UTR of CPsgRNA in place of that of RNA1 (5′Sg-Luc-
3′R1) were also tested. In vitro-transcribed uncapped reporter Luc
mRNAs were transfected into cowpea and BY-2 protoplasts together
with capped Renilla luciferase mRNA containing a poly(A) tail (R-Luc).
Translational activity was evaluated by the dual-luciferase reporter
assay system (Promega, Madison, WI, USA) after 6 h of incubation at
17 °C, an optimum temperature for RCNMV replication (Mizumoto et
al., 2002). Relative light units (RLU) of uncapped 5′R1-Luc-3′R1 in
cowpea protoplasts was about two times higher on average than those
in BY-2 protoplasts. The RLU (×103) of uncapped 5′R1-Luc-3′R1 is
4.20±2.09 in BY-2 protoplasts and 8.55±5.58 in cowpea protoplasts.
The RLU (×103) of uncapped-polyadenylated Luc mRNA (LucA60) is
0.025±0.018 in BY-2 protoplasts and 0.17±0.16 in cowpea proto-
plasts. Mutations in the loop of 3′SL1 abolished the translational
activity of reporter Luc mRNA (Fig. 1B), conﬁrming our previous
results (Mizumoto et al., 2003). Mutations in the loop of 3′SL4 and 3′
SL5 reduced translational activity to less than 16% of that of 5′R1-Luc-
3′R1 in both cowpea and BY-2 protoplasts, whereasmutations in 3′SL2
and 3′SL3 had no signiﬁcant effects on the translational activity (Fig.
1B). Similar results were obtained with Luc RNAs with the 5′ UTR of
CPsgRNA (Fig. 1C). These results indicated that the loop sequences of
3′SL4 and 3′SL5 were also important for cap-independent translation
in both cowpea and BY-2 protoplasts.
Viral nucleotide sequences in the 5′ UTR of RNA1 are essential for
efﬁcient cap-independent translation in BY-2 protoplasts, but not in
cowpea protoplasts
To investigate the roles of viral 5′ UTRs in 3′TE-DR1-mediated
translation, we ﬁrst analyzed the effects of deletions on translation.
Four mutants with deletions covering the 5′ UTR of 5′R1-Luc-3′R1
(Fig. 2A) were tested in BY-2 and cowpea protoplasts. Deletions of any
region, including each of the SLs predicted in the 5′ UTR, abolished or
greatly reduced the 3′TE-DR1-mediated cap-independent transla-
tional activity of reporter Luc mRNAs in BY-2 protoplasts, whereasFig. 2. Effects of deletions in the 5′ UTR of RCNMV RNA1 on cap-independent
translational activity of reporter Luc mRNA. (A) Secondary structure predicted by the
computer algorithm Dynalign for the 5′ UTR of RCNMV RNA1, and schematic
representation of deleted regions in reporter mRNAs. The thick black lines, thin bent
lines and grey dash line represent viral sequences, the deleted regions, and 63
nucleotides nonviral sequence, respectively. The four stem–loop structures are shaded
in grey and the names of the structures are given above the structures. The asterisk (⁎)
indicates the ﬁrst T7-transcribed G nucleotide, which is not a nucleotide of RCNMV
RNA1. Numbers indicate nucleotide positions in RCNMV RNA1. (B) Relative luciferase
activities from uncapped 5′R1-Luc-3′R1 and its derivatives with mutations in the 5′ UTR
in BY-2 (black bars) and cowpea (white bars) protoplasts. The luciferase activity from
uncapped transcript containing Luc ORF and poly(A)-tail (60 adenine nucleotides;
LucA60) is also shown. The luciferase activities are presented as percentages of
uncapped 5′R1-Luc-3′R1 activity. (C) Cap-independent translational activities of
reporter Luc mRNAs with different number of nucleotides in its 5′ UTR. Relative
luciferase activity in BY-2 (black bars) and cowpea (white bars) protoplasts. The activity
for each construct is presented as percentages of 5′R1-Luc-3′R1 activity. For other
conditions, see the legend to Fig 1B.these deletions had no signiﬁcant effects in cowpea protoplasts
(Fig. 2B). These results indicated that RNA elements in the 5′ UTR of
RNA1 are important for cap-independent translation in BY-2
protoplasts, but not in cowpea protoplasts. Less stringent require-
ment of the 5′ UTR for cap-independent translation in cowpea
protoplasts was also observed for the length of nucleotide sequences.
Translational activities of reporter Luc mRNAs with 3, 4, 6, 8
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35%–48% that of 5′R1-Luc-3′R1 in cowpea protoplasts, whereas those
in BY-2 protoplasts were only 4%–7% that of 5′R1-Luc-3′R1 (Fig. 2C).
Next, to determine the RNA elements needed for cap-independent
translation in the 5′ UTR of RNA1, 5′R1-Luc-3′R1 with nucleotide
substitutions in the loops of 5′SL1, 5′SL2, 5′SL3 and 5′SL4 (Fig. 3A) was
tested for translational activity in BY-2 protoplasts. Nucleotide
sequences chosen for substitution in 5′SL4 were U clusters, because
these sequences might be involved in long-distance RNA kissing
interactions between the U cluster(s) in the loops of 5′SL4 and 3′SL4Fig. 3. Effect of nucleotide substitutions in the 5′ UTR of RCNMV RNA1 on the 3′TE-DR1-m
and 5′SL4. Boldface italics in boxes show disrupted and restored stem structures and alter
on translational activity. Relative luciferase activities from uncapped transcripts in BY-
restoration of the stem portions of 5′SL1, 5′SL2, 5′SL3 and 5′SL4 on translational activity. R
(white bars) protoplasts.(GAAAA) in 3′TE-DR1. Loop substitutions in 5′SL1, 5′SL2 and 5′SL3 (5′
SL1/Lm, 5′SL2/Lm and 5′SL3/Lm) reduced translational activity to
17%, 49% and 15% of that of 5′R1-Luc-3′R1, respectively (Fig 3B). On
the other hand, single or multiple substitutions of the U clusters to A
clusters in 5′SL4 (5′SL4/Lm1, 5′SL4/Lm2, 5′SL4/Lm3 and 5′SL4/
Lm123) did not reduce translational activity (Fig. 3B). These results
suggest that three U clusters in 5′SL4 do not play roles in 3′TE-DR1-
mediated cap-independent translation.
Similar experiments with the series of mutants described above
were conducted in cowpea protoplasts. Mutations in the loops of 5′ediated translational activity. (A) Predicted secondary structures of 5′SL1, 5′SL2, 5′SL3
ed loop sequences. (B) Effect of mutations in the loop of 5′SL1, 5′SL2, 5′SL3 and 5′SL4
2 (black bars) and cowpea (white bars) protoplasts. (C) Effects of disruption and
elative luciferase activities from uncapped transcripts in BY-2 (black bars) and cowpea
Fig. 4. Compensatory mutational analysis of the possibility of base-pairing interaction (A) Schematic representation of possibility of base-pairing interaction between 5′SL2 and 3′
SL5 of 3′TE-DR1 (thin line) or between 5′SL1 and 3′SL4 of 3′TE-DR1 (dash line). (B) Relative luciferase activities from uncapped 5′R1-Luc-3′R1 and its derivatives with mutations
in the 5′SL2 or/and 3′SL5 of 3′TE-DR1 in BY2 protoplasts. Boldface italics in boxes show altered loop sequences. (C) Relative luciferase activities from uncapped 5′R1-Luc-3′R1 and
its derivatives with mutations in the 5′SL1 or/and 3′SL4 of 3′TE-DR1 in BY2 protoplasts. Boldface italics in boxes show altered loop sequences. For other conditions, see the legend
to Fig 1B.
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independent translation, although mutations in the loop of 5′SL1 (5′
SL1/Lm) slightly reduced translational activity (Fig. 3B).
Next, we examined the possibility that the loop sequences of 5′
SL1 and 5′SL2 might be involved in 5′-3′ long-distance interactions
by their complementarities with the loop sequences of 3′SL4 and 3′
SL5, respectively (Fig. 4). Long-distance interaction between the
loops of 5′SL2 and 3′SL5 had been predicted previously by analogy
with BYDV (Fabian and White, 2004; Miller and White, 2006).
Nucleotide substitutions in 5′SL2 (AGUCAA, ACAGAA and ACACUU;
substituted nucleotides are underlined) and those in 3′SL5 (GUUGAC
GUUCUG and GAAGUG,) (Fig. 4A) reduced translational activity to
less than 25.2% and less than 8.3% that of 5′R1-Luc-3′R1, respectively,
in BY-2 protoplasts (Fig. 4B). However, Luc mRNAs with mutations in
both 5′SL2 and 3′SL5, which restore possible base-paring, did not
recover the reduced translational activities. Similar mutational ana-
lysis was conducted between 5′SL1 (ACUUUACCG, GUUAAACCG
and GAAAAACCG) and 3′SL4 (GGAAAGU, GGUUAAC and GGUUUUC
(Fig. 4A)). Mutations in 5′SL1 and 3′SL4 reduced translational activity
to less than 48.0% and 39.9% that of 5′R1-Luc-3′R1, respectively
(Fig. 4C). However, the reduced translational activities were not
recoveredbymutations in both5′SL1 and3′SL4,which restore possible
base-paring. Instead, they reduced translational activities to less than
13.8% in BY-2 protoplasts. These results suggest that base-pairing
between at least the loop sequences of 5′SL2 and 3′SL5 or those of 5′
SL1 and 3′SL4 are unlikely involved in 5′–3′ long-distance interactions.
However, negative results from compensatory mutations do not rule
out the possibility of base-pairings between other sequences. This
possibility is discussed later.
The structure of 5′SL1 is important for cap-independent translation
To investigate whether the SL structures of 5′SL1, 5′SL2, 5′SL3 and
5′SL4 are important for cap-independent translation, we analyzed the
effects of disruptions and restorations of stem structure on transla-
tional activity in BY-2 protoplasts (Fig. 3A). A mutation that disrupted
the stem structure of 5′SL1 (5′SL1/Sm) abolished the translational
activity and restoration of the stem structure by compensatory
mutations (5′SL1/RS) recovered the translational activity to about
70% that of wild-type 5′R1-Luc-3′R1 (Fig. 3C). These results indicate
that the structure of 5′SL1 is important for 3′TE-DR1-mediated cap-
independent translation. Mutations that disrupted the predicted stem
structures of 5′SL2 and 5′SL3 (5′SL2/Sm and 5′SL3/Sm, respectively)
reduced the translational activity to about 10% that of wild-type 5′R1-
Luc-3′R1, but the restoration of the stem structures by compensatory
mutations (5′SL2/RS and 5′SL3/RS) did not recover the translational
activity. The mutation in the left side stem of 5′SL4 that disrupted the
predicted stem structure (5′SL4/Sm) did not affect the translational
activity, whereas 5′SL4/RS with a restoration mutation in the right
side of the stem showed a translational activity of 7% that of 5′R1-Luc-
3′R1. It is possible that 5′SL4 predicted by the computer algorithm
dynalign (Fig. 2A) does not exist, because 5′SL4 is not predicted by
mfold program version 3.2 at 17 °C (Zuker, 2003). In cowpea
protoplasts, the mutations described above had no or much milder
effects on the translational activity of reporter mRNAs compared with
those in BY-2 protoplasts (Fig. 3C). It should be noted that disruption
of the stem in 5′SL1 reduced the translational activity to 37% of that of
5′R1-Luc-3′R1 in cowpea protoplasts, and that restoration of the
structure recovered the translational activity to 68% of that of 5′R1-Fig. 5. (A) Temporal changes in the accumulation patterns of 5′R1-Luc-3′R1 and its deriv
protoplasts (BYL) or (B) BYL containing 0.2 μg/μl cycloheximide (CHX). Total RNAs extracted
using DIG-labeled RNA probe speciﬁc to the 3′ UTR of RNA1. Relative values for the accumulat
with the standard errors are shown between a representative pattern on a northern blot and
5′R1-Luc-3′R1 and its derivatives in BYL (C) and in BY-2 protoplasts (D). (E and F) Relative luc
BY-2 protoplasts (F). (G and H) Relative luciferase activities fromm7GpppG-capped 5′R1-Luc
the legend to Figs. 1B and 3A.Luc-3′R1 (Fig. 3C). These results indicate that 5′SL1 plays an important
role in cap-independent translation in both BY-2 and cowpea
protoplasts and also suggest that many of nucleotide sequences in
the 5′ UTR of RNA1 except for its 3′ proximal 30 nucleotides are
important for cap-independent translation in BY-2 protoplasts (Figs.
2B, 3B and C). These results, except for that of 5′dSL1 in cowpea
protoplasts, were consistent with those obtained with deletion
mutants (Fig. 2B). Other RNA elements might replace the role of 5′
SL1 if it is absent in cowpea protoplasts.
The stem–loop structure of 5′SL1 and the nucleotide sequences in other
regions of the 5′ UTR of RNA1 are important for RNA stabilization
To address the stringent requirement of viral 5′ RNA elements for
3′TE-DR1-mediated cap-independent translation in BY-2 protoplasts
and that of 5′SL1 in both BY-2 and cowpea protoplasts, we
investigated whether RNA stability might be involved in these
phenomena, because any mutations in the 5′ UTR of mRNAs could
alter RNA stability and affect translational activity. To analyze the
stability of RNA, we used a cell-free extract of evacuolated BY-2
protoplasts (BYL) (Komoda et al., 2004). BYL reﬂects the cap-
independent translational activity of reporter Luc mRNAs with a
series of mutations in the 3′ UTR of RNA1 (Mizumoto et al., 2006;
Iwakawa et al., 2008; H-O. Iwakawa, H. Mizumoto and T. Okuno,
unpublished data). Uncapped 5′R1-Luc-3′R1 and its derivatives
(Fig. 3A) were incubated in BYL and aliquots of reaction mixture
were used for northern blot analysis after 0, 30, 60, 120 and 240 min
of incubation. The results showed that RNA stability was decreased
by disruption of the stem structure of 5′SL1 (5′SL1/Sm) but was
recovered greatly by restoration of the structure using compensatory
mutations (5′SL1/RS) (Fig. 5A and data not shown). RNA stability of
5′SL1/Sm-Luc-3′R1 and 5′SL1/RS-Luc-3′R1 was also tested in BYL in
the presence of cycloheximide (CHX). CHX is a translational inhibitor
that stabilizes most mRNA species (Ross, 1995). CHX also allows us to
observe RNA stability without considering the effects of mRNA
translation efﬁciency. Northern blot results supported the impor-
tance of the stem structure of 5′SL1 in RNA stability (Fig. 5B).
Interestingly, a single nucleotide substitution (C to G) in the loop of
5′SL1 (5′SL1/LmG) reduced RNA stability to a level similar to 5′SL1/
Sm and reduced the translational activity to 41.5% that of 5′R1-Luc-3′
R1 in BYL (Figs. 5A and C). Mutations in the region spanning the 5′
stem of 5′SL4 reduced the RNA stability of reporter Luc mRNAs (data
not shown). These results suggest that 5′SL1 and most of the
nucleotide sequences in the 5′ UTR of RNA1 were involved in the
stabilization of reporter Luc mRNAs.
5′SL1 functions as a translational enhancer element besides an RNA
stabilization element in BY-2 protoplasts
The results described above suggested that most of the nucleotide
sequences, including 5′SL1 in the 5′ UTR of RNA1 are required for
stabilizing reporter Luc mRNAs and enhancing cap-independent
translation. To distinguish these two possible functions of viral 5′
UTR, we used an ApppG cap analogue that stabilizes RNA without
conferring cap function. Luc mRNAs with no cap, an ApppG cap or a
canonical m7GpppG cap were tested for RNA stability in BYL, and for
translation in BYL and BY-2 protoplasts. Addition of either ApppG or
m7GpppG caps greatly increased RNA stability in BYL (Fig. 5A) and
enhanced translational activity in BYL and BY-2 protoplasts. However,atives. Reporter Luc mRNAs were incubated in a cell-free extract of evacuolated BY-2
from BYL at the indicated times after incubationwere subjected to northern blot analysis
ion of Luc mRNAs were calculated from four independent experiments, andmean values
ethedium-bromide-stained rRNA. (C and D) Relative luciferase activities from uncapped
iferase activities from ApppG-capped 5′R1-Luc-3′R1 and its derivatives in BYL (E) and in
-3′R1 and its derivatives in BYL (G) and in BY-2 protoplasts (H). For other conditions, see
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activity of 5′SL1/Sm and 63-Luc-3′R1 (Figs. 5C, D, E, F), although
ApppG cap compensated for the deleterious effects of themutations in5′SL2/Sm, 5′SL2/RS, 5′SL3/Sm, 5′SL3/RS and 5′SL4/RS in BY-2
protoplasts (Fig. 6). These results suggest that 5′SL1 is important for
cap-independent translation besides its role in RNA stabilization and
Fig. 6. ApppG cap compensates for the deleterious effects of mutations introduced into 5′SL2, 5′SL3, and 5′SL4. Relative luciferase activity in BY-2 protoplasts from uncapped (black
bar) and ApppG-capped (grey bar) 5′R1-Luc-3′R1 and its derivatives with mutations in their 5′ UTR. For other conditions, see the legend to Figs. 1B and 3A.
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and 5′ SL4 were mainly involved in RNA stabilization.
Comparisons of the 5′ UTRs of RNA1 and CPsgRNA in translation
enhancement
To investigate whether the 5′ UTR of CPsgRNA might also enhance
3′TE-DR1-mediated cap-independent translation, we compared the
translational activity of Luc mRNAs containing the 5′ UTR of CPsgRNA
(5′Sg-Luc-3′R1) with those of 5′R1-Luc-3′R1 and 63-Luc-3′R1 in
cowpea and BY-2 protoplasts. The translational activity of 5′Sg-Luc-3′
R1 was 4.6 times higher than that of 63-Luc-3′R1 in BY-2 protoplasts
and 2.2 times higher in cowpea protoplasts (Fig. 7), suggesting that
the 5′ UTR of CPsgRNA functions as cap-independent translational
enhancer element. However, the translational activity of 5′Sg-Luc-3′
R1 was lower than that of 5′R1-Luc-3′R1, especially in BY-2
protoplasts. Additionally, mutations that disrupted the stem struc-
tures predicted in the 5′ UTR of CPsgRNA and nucleotide substitutions
in their loops did not affect translational activity in either BY-2 or
cowpea protoplasts (data not shown).
Differences in the requirement of 5′ UTR elements between cowpea and
BY-2 protoplasts cannot be explained by difference in RNA stability
The results described above indicated that RNA stability is one of the
important factors that affect the translational activity of uncapped
reporter Luc mRNAs. This raises the possibility that reporter mRNAs
might be more stable in cowpea protoplasts than in BY-2 protoplasts.
This might cause differences in the requirement of the 5′ UTR for cap-
independent translation between these protoplasts. We investigatedFig. 7. Comparison of cap-independent translational activity of 5′Sg-Luc-3′R1 with
5′R1-Luc-3′R1 and 63-Luc-3′R1. Relative luciferase activities from the uncapped
transcripts in BY-2 (black bars) and cowpea (white bars) protoplasts are presented as
average percentages of that of 5′R1-Luc-3′R1. For other conditions, see the legend to
Figs. 1B, C and 2A.the rate of degradation of mRNA in these protoplasts by a functional
stability assay, in which the functional half-life is determined by the
time to complete 50% decay in the capacity of an mRNA to synthesize
protein. Uncapped 5′R1-Luc-3′R1 transcripts (8 pmol) were transfected
into BY-2 and cowpea protoplasts, and aliquots of protoplastswere used
to measure luciferase activity every hour after transfection. The
functional half-life of 5′R1-Luc-3′R1 was longer in BY-2 protoplasts
than in cowpea protoplasts (Fig. 8). These results suggest that
differences in cellular conditions affecting RNA stability are not the
main factors causing differences in the roles of the 5′UTR of Luc mRNAs
in cap-independent translation between BY-2 and cowpea protoplasts.
Insertion of a stable nonviral SL structure in the 5′ UTR of 5′Sg-Luc-3′R1
inhibits cap-independent translation
To obtain further insights into the roles of viral 5′ UTRs in 3′TE-
DR1-mediated translation, we addressed whether the translation
might rely on a ribosome-scanning mechanism. To answer this
question, we investigated the effect on translation of insertion of a
nonviral high GC-content stable SL structure (GCSL;ΔG=−34.5 kcal/
mol at 17 °C as predicted using the mfold program version 3.2) (Zuker,
2003) in the 5′ UTR (Fig. 9A). This stable SL blocks a small-subunit
ribosomal complex from scanning when inserted in the 5′ end of
mRNAs (Babendure et al., 2006). We used 5′Sg-Luc-3′R1 because the
5′ UTR of CPsgRNA is less structured than the 5′ UTR of RNA1 and
because the insertion of GCSL did not disrupt the RNA structure
predicted by the Dynalign program. Insertion of GCSL in the middle of
the 5′ UTR of CPsgRNA (Sg/GCSL-Luc-3′R1) inhibited the translational
activity of the reporter LucmRNA in both cowpea and BY-2 protoplastsFig. 8. Functional stability assay of 5′R1-Luc-3′R1 in cowpea and BY-2 protoplasts.
Protoplasts were electroporated with 8 pmol of uncapped 5′R1-Luc-3′R1, and, aliquots
of protoplasts were used to measure luciferase activity at indicated times. The best
ﬁtting curves and RNA half-life were calculated by GraphPad Prism5 software. For
others conditions, see Materials and methods.
Fig. 9. Effect of stable stem–loop structure in the 5′ UTR of 5′Sg-Luc-3′R1. (A)
Schematic representation of the 5′ UTR of Sg/GCSL-Luc-3′R1 with a high GC-content
stable stem–loop structure (GCSL) inserted. GCSL is indicated by a shaded box The
asterisk (⁎) indicates the ﬁrst T7-transcribed G nucleotide. The thermal stability of
GCSL is −34.5 kcal/mol at 17 °C as predicted using mfold program version 3.2. (B)
Relative luciferase activities of Luc mRNAs in BY-2 (black bars) and cowpea (white
bars) protoplasts. For other conditions, refer to the legends to Figs. 1B, C and 2C.
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that of uncapped reporter RNA (LucA60) (Fig. 9B), suggesting that 3′
TE-DR1-mediated cap-independent translation relies on a ribosomal
scanning mechanism.
3′TE-DR1 does not function in the 5′ UTR of reporter mRNAs
Finally, we addressed whether 3′TE-DR1 could function in the 5′
UTR of reporter mRNAs. We tested several 5′R1-Luc-3′R1 derivatives
for translation in cowpea protoplasts and BYL. Replacement of the 5′
UTR of RNA1 with the 3′ UTR or 3′TE-DR1 in 5′R1-Luc-3′R1 abolished
cap-independent translation in both cowpea protoplasts and BYL
(data not shown). Removal of 3′TE-DR1 from the 3′ UTR, or the
complete replacement of the 3′ UTR with a poly(A) sequence in these
mRNAs, did not improve the translational activity (data not shown).
These results suggest that 3′TE-DR1 did not function in the 5′ UTR.
Rather, 3′TE-DR1 might function as a barrier like a stable SL in the 5′
UTR of mRNAs.
Discussion
One of the primary aims of this study was to search for RNA
elements in the 5′ UTR that might interact with those predicted in the
3′ UTR of RNA1 including 3′TE-DR1. The deleterious effects of
nucleotide substitutions and deletions in the 5′ UTR on 3′TE-DR1-
mediated cap-independent translation in BY-2 protoplasts showed theessential roles of the 5′ UTR and suggested the possibility of 5′–3′
long-distance RNA interactions. However, compensatory mutagenesis
analysis for possible candidates, including interactions between the
loops of 5′SL2 and 3′SL5 predicted previously by analogy with BYDV
(Fabian andWhite, 2004; Miller andWhite, 2006; H. Mizumoto and T.
Okuno, unpublished data), failed to ﬁnd RNA elements involved in
such long-distance interactions. The negative results for 5′SL2-3′SL5
interaction are supported by the lack of conservation of nucleotide
sequences in the loop of 5′SL2 among dianthoviruses (H. Nagano, H.
Mizumoto and T. Okuno, unpublished data), despite the presence of
the loop sequence of CACAA, which is complementary to UUGUG in
the loop of SL5, in both genomic and subgenomic RNAs of RCNMV
(Fabian andWhite, 2004; Miller andWhite, 2006; H. Mizumoto and T.
Okuno, unpublished data). The absence of effects of deletions in any
regions of the 5′ UTR sequences of RNA1 on translational activity in
cowpea protoplasts might support the low requirement of speciﬁc
base-pairing between 5′ and 3′ RNA elements. On the other hand, any
nonviral sequences tested were not able to replace the full capacity of
viral 5′ UTRs in translational enhancement even in cowpea protoplasts,
suggesting the importance of viral nucleotide sequences in 5′ UTRs in
3′TE-DR1-mediated cap-independent translation. In contrast to the
results obtained in cowpea protoplasts, most of nucleotide sequences
of viral 5′ UTR were required for efﬁcient translation in BY-2
protoplasts. Failure of translation restoration by compensating muta-
tions in the possible base-pairings between 5′ and 3′ RNA elements in
BY-2 protoplasts does not rule out possible roles of base-pairing
between 5′ and 3′ RNA elements in the wild sequences, because not all
compensating mutations work as reported in BYDV (Rakotondrafara
et al., 2006; Shen and Miller, 2004). The possible roles of viral 5′
UTRs in translational enhancement are further discussed below.
Roles of a 5′ terminal stem–loop in RNA stability and translation
A growing body of evidence has revealed the roles of 5′ UTR
sequences in viral and host mRNA stability and translational activity.
For example, a small SL predicted at the 5′ end of the Chlamydomomas
pedD transcript is essential for RNA stability and plays a role in
translation possibly by blocking 5′–3′ exonucleotic degradation (Higgs
et al., 1999). A speciﬁc 5′ nucleotide sequence and a speciﬁc structure
of the chloroplast rbcL gene transcript are required for RNA longevity
in Chlamydomonas (Suay et al., 2005). The importance of 5′ UTRs has
also been reported in host-defense related human surfactant protein
transcripts (Wang et al., 2005) and bacteriophage SP82 early mRNA in
Bacillus subtilis (Sharp and Bechhofer, 2005). The 5′-proximal SL
structure of a genomic RNA of hepatitis C virus is essential for both
viral RNA replication and IRES-mediated cap-independent translation
(Luo et al., 2003). Such a 5′ cloverleaf structure protects uncapped
poliovirus RNA (Barton et al., 2001).
Our results suggest that both the stem structure and loop
sequences of 5′SL1 play important roles in 3′TE-DR1-mediated cap-
independent translation by functioning as RNA-stabilizing and
translation enhancer elements. The 5′SL1 was essential for cap-
independent translation in BY-2 protoplasts (Figs. 3 and 5). Therefore,
it might interact with host proteins to enhance RNA stability and
translation. Alternatively and additionally, 5′SL1 might interact with
viral RNA elements in regions other than 3′TE-DR1, and could play
some roles in RNA stabilization and translation. The ability of 5′SL1 to
stabilize RNA is lower than that of cap analogues (Fig. 5A), suggesting
that 5′SL1 is not a structural impediment for mRNA-degrading
ribonucleases. This is supported by our previous ﬁndings that a stable
SL structure, except for a speciﬁc RNA element (Seq1f58) or cap
structure, is insufﬁcient to protect RNA in the 5′ proximal region of 5′
R1-Luc-3′R1 from 5′–3′ degradation (Iwakawa et al., 2008). Therefore,
5′SL1 might contribute to folding RNA sequences into a speciﬁc RNA
conformation together with viral sequences including the other
regions of the 5′ UTR of RNA1 except for its 3′ proximal 30 nucleotides
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function for RNA folding has been reported for that of chloroplast rbcL
gene transcripts in Chlamydomonas (Suay et al., 2005).
CPsgRNA 5′UTR was a less efﬁcient enhancer than RNA1 5′UTR in
BY-2 protoplasts (Fig. 7). This may be explained by the lack of RNA
elements like 5′SL1 in the 5′ UTR of CPsgRNA.
Host-speciﬁc roles of viral RNA elements
Interestingly, in contrast to the effects of mutations in 3′TE-DR1 on
cap-independent translation, which were very similar between BY-2
and cowpea protoplasts, the effects of mutations introduced into the
5′ UTR of RNA1 or CPsgRNA on 3′TE-DR1-mediated translation
differed between BY-2 and cowpea protoplasts. These differences
might reﬂect the difference of host factors that are involved in
translation. Host-dependent translational enhancement by viral 5′
UTRs containing IRES and intergenic IRES elements has been reported
for the Iﬂavirus, Varroa destructor virus-1 (VDV-1) (Ongus et al., 2006)
and the dicistrovirus (Cricket paralysis virus) (Hartley et al., 2005;
Masoumi et al., 2003). The 5′ UTR of VDV-1 is active in cells of the
insect Lymantria dispar, and the activity is lower in Spodoptera
frugiperda cells and absent in Drosophila melanogaster cells (Ongus
et al., 2006). These ﬁndings might also reﬂect differences in host
factors that are required for proper RNA conformation. Host-
dependent effects on virus RNA accumulation of silent mutations in
a putative cis-acting sequence of the pX ORF of TBSV might be related
to secondary structural requirements whose precise conformation can
vary depending on the local and distant sequence interactions
between viral and host factors (Scholthof and Jackson, 1997). The 3′
UTR of TCV contains a translational enhancer RNA element that binds
to 60S ribosomal subunits (Stupina et al., 2008). Interestingly, the role
of the TCV RNA elements might be host-dependent, because both
primary sequences and SL structures predicted in the 3′ UTR of TCV
RNA are required for viral RNA accumulation in Hibiscus protoplasts,
but these elements are not essential in Arabidopsis protoplasts (Li and
Wong, 2007).
Possible mechanism of the 3′TE-DR1-mediated cap-independent
translation
There are similarities and dissimilarities between RCNMV 3′TE-
DR1-mediated and BYDV BTE-mediated cap-independent translation.
SL1 of 3′TE-DR1, being essential for 3′TE-DR1-mediated translation, is
identical to one of three SL structures predicted in the BYDV BTE (Guo
et al., 2000; Mizumoto et al., 2003). The BTE interacts with eIF4F via
eIF4G, which is consistent with the ability of the factors to enhance
BTE-mediated translation (Treder et al., 2008). Therefore, it is possible
that 3′TE-DR1 also interacts with eIF4F. The inhibition of cap-
independent translation by insertion of a stable SL structure at the
5′ proximal region in a reporter Luc mRNA suggests that both 3′TE-
DR1-mediated and BTE-mediated cap-independent translation rely on
a ribosome-scanning mechanism. The delivery mechanisms of either
the ribosome or translation factors to the 5′ end of the RNA including a
way for 5′–3′ long-distance interaction remain to be solved for
RCNMV 3′TE-DR1-mediated translation. Host proteins might play
important roles in such interactions to facilitate 3′TE-DR1-mediated
cap-independent translation. BTE enhances translation in the 5′
region of reporter mRNAs (Wang et al. 1997), but, 3′TE-DR1 did not:
rather it inhibited translation at the 5′ end of Luc mRNAs even in
cowpea protoplasts. This result suggests that RCNMV 3′TE-DR1 cannot
recruit the ribosome like IRES directly.
Conclusions
The 5′ UTR of RCNMV RNA1 is required for efﬁcient cap-
independent translation by assisting or recruiting translation factors,or the ribosome, to the 5′ end of RNA1 together with the 3′ UTR
containing 3′TE-DR1, from where the ribosome scans to the ﬁrst AUG
sequence using conventional mechanisms. Host proteins probably
together with viral RNA elements appears to play important roles in
the process, which results in differences in the host-dependent
requirements of the 5′UTR RNA elements for 3′TE-DR1-mediated cap-
independent translation.
Materials and methods
Plasmids construction
pUCR1 is a full-length cDNA clone of RCNMV Australian strain
RNA1 (Takeda et al., 2005; Xiong and Lommel, 1991). pSP64-RLUC,
which contains the Renilla Luc gene and polyA (30 nts), pLucA60, pR1-
5′-XbS (renamed as p5′R1-Luc-3′R1 in this study), and p3′TE-DR1/
Lm1 (renamed as p5′R1-Luc-3′SL1/Lm in this study) were described
previously (Mizumoto et al., 2003).
p5′Sg-Luc-3′R1 and p63-Luc-3′R1
To construct p5′Sg-Luc-3′R1, the 5′ UTR of CPsgRNA was ampliﬁed
from pUCR1 using T7/Aus/Sg5′+(GCGAGCTCTAATACGACTCACTATA-
GACAAACGTATTACCTACAC) plus 5′sg rwt/Luc-(ATGTTTTTGGCGTCTTC-
CATTTTATCGGGCTTTGAT). To construct p63-Luc-3′R1, nonviral
sequences 63 nucleotides were ampliﬁed by PCR from pSP-luc+NF
vector(Promega,Madison,WI,USA)usingT7/pACT2+(GCGAGCTCTAA-
TACGACTCACTATAGCCAAGCTTGAATTCGAACCAGATCGG) plus (-3G)
Act/Luc-(GTTTTTGGCGTCTTCCATGACTGGAAAGCTTCCTAGG). Each
DNA fragment of the 5′ UTR of CPsgRNA or nonviral sequences 63
nucleotides was mixed with Luc DNA fragment, which had been
ampliﬁed by PCR from p5′R1-Luc-3′R1 using Luc1+(ATGGAAGACGC-
CAAAAACATAAAG) plus Luc800-(TCTATACATTAAGACGACTCGAA), and
further ampliﬁed by PCR using SacI/T7+(GCGAGCTCTAATACGACT-
CACTATA) plus Luc800-. The recombinant PCR fragments were
digested with SacI and SphI, and used to replace the corresponding
region of p5′R1-Luc-3′R1, respectively.
All plasmids were veriﬁed by sequencing with ABI310 automated
sequencer.
For other mutants, their constructs were generated using PCR-
based mutagenesis and standard cloning techniques. Each construct
was sequenced across its entire PCR-derived region to ensure that only
the desired mutation was present. Details of the modiﬁed RNA
sequence and/or structure are presented in the ﬁgures.
RNA preparation
All RNA transcripts were transcribed from SmaI-linearized plas-
mids except for pLucA60 and pSP64-R-Luc which had been linearized
with EcoRI. All transcripts were transcribed by T7 polymerase in the
absence or presence of the cap structure analogue (m7GpppG or
ApppG; New England Biolabs, Beverly, MA, USA.), except for an
internal control SP64-R-Luc mRNA, which was transcribed from
pSP64-RLUC with SP6 RNA polymerase in the presence of m7GpppG
cap. All mRNAs were puriﬁed with a Sephadex G-50 ﬁne column (GE
Healthcare Bio-sciences Corp., Piscataway. NJ, USA). Concentration of
transcripts was measured by spectrophotometer, and its integrity was
veriﬁed by 1% agarose gel electrophoresis. All RNA transcripts are
referred by their parent plasmids name without the preﬁx “p”.
Protoplast transfection
Protoplast experiments using tobacco BY-2 suspension-cultured
cells were performed as previously described (Takeda et al., 2005;
Iwakawa et al., 2008). Protoplast experiments usingmesophyll cells of
cowpea plants (Vigna unguiculata cv. California Blackeye) were per-
formed as previously described (Mizumoto. et al., 2003). Protoplasts
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mRNA, and were incubated at 17 °C for 6 h in the dark.
Evacuolated BY-2 protoplast lysate (BYL) experiments
Preparation of BYL and in vitro translation reaction were described
previously (Iwakawa et al., 2007; Komoda et al., 2004).
RNA stability assay
2 pmol capped or uncapped transcripts were incubated at 17 °C in
40 μl of BYL reaction mixture with or without 0.2 μg/μl cycloheximide.
At several time points after incubation, aliquots (10 μl) were used for
RNA extraction, and subjected to northern blot analysis as described
below.
Luciferase assay
For protoplasts experiments, luciferase assays were performed
using the dual-luciferase assay system (Promega, Madison, WI, USA)
as previously described (Mizumoto et al., 2003). Each experiment was
repeated at least three times with different batches of protoplasts. For
BYL experiments, luciferase assays were performed using the
luciferase reporter assay system (Promega, Madison, WI, USA) as
previously described (Iwakawa et al., 2008).
mRNA half-life calculation
The functional half-life was estimate by monitoring the rate of
luciferase accumulation in the cell. 5′R1-Luc-3′R1 (8 pmol) was
transfected into protoplasts, and aliquots of protoplasts were used to
measure luciferase activity at every hour. The functional half-life is in
time unit, which is calculated by the equation t1/2=P(∝)⁎ ln 2/aR0
(Meulewaeter et al., 1998), where P(∝) is the saturation level of
luciferase activity, a is the rate constant (light unit/h) from the time
point following the lag phase at which the ﬁrst translation product is
completed. Best ﬁtting curves to the triplicate experimental data
points and RNA half-life were generated using GraphPad Prism5
software.
Northern blot analysis
Total RNAs from protoplasts were extracted and were subjected to
northern blot analysis as previously described (Damayanti et al.,
2002). Total RNAs from BYL were extracted and were subjected to
northern blot analysis as previously described (Iwakawa et al., 2007).
The digoxigenin (DIG)-labeled RNA probe speciﬁc for the 3′ UTR of
RCNMV RNA1 was transcribed as previously described (Mizumoto et
al., 2002; 2006). The probe-speciﬁc RNA signals were detected by a
luminescent image analyzer (LAS 1000 plus; Fuji Photo Film, Japan).
Band intensities were quantiﬁed by Image J program (NIH).
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